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Paradigm shift from classic antatomic theories to contemporary verse relationship, namely that the ureter promotes dif-
cell biological views of CAKUT. Ectopic budding of the ureter ferentiation of the metanephric mesoderm.
from the Wolffian duct is the first ontogenic misstep that leads Nephrologists often regard the ureter and below asto many—if not all—congenital anomalies of the kidney and
merely a conduit, whereas urologists tend to regard theurinary tract (CAKUT). The ectopia results in hypoplastic
kidney as an extension of the urinary tract. As a result,kidney, ectopia of ureterovesical orifice, urinary outflow ob-
struction and/or reflux. Studies in several mutant mouse models the implicit inclusion of kidney anomalies in urologic
have verified that ectopic ureteric budding indeed precedes studies [2] have failed to attain the deserved recognition
formation of CAKUT. Often, the genes involved in navigating
of their achievement by the nephrology community.ureteric budding to the correct site also regulate later ontogenic
The need emerged to coin the term, “CAKUT” (con-events of the kidney and urinary tract. The wide spectrum of
CAKUT, for example, multicystic dysplastic kidney, megaure- genital anomalies of the kidney and urinary tract), which
ter and atretic ureter, portray the additional important func- explicitly states the relevance to both urology [3] and
tions of these same genes that are activated at multiple sites nephrology communities [4].and stages during the normal morphogenesis of the kidney and
urinary tract
PREVAILING BELIEF AND THEORIES
THE TERM, “CAKUT” Congenital anomalies of the kidney and urinary tract,
CAKUT, are a family of diseases with a diverse anatomi-Anomalies of the kidney often accompany anomalies
cal spectrum, including kidney anomalies (such as, kid-of the ureter as well as other portions of the urinary
ney aplasia, multicystic dysplastic kidney, hypoplastictract. However, surprisingly little scientific information
kidney), ureteropelvic anomalies (such as, megaureter,heretofore has been exchanged between the urology and
ureteropelvic junction obstruction), ureterovesical junc-nephrology communities with respect to the cause of
these diseases. Thus, the quarter-century-old bud theory tion obstruction or incompetence, ectopic ureteral ori-
of Mackie and Stephens (discussed below) [1], which fice, duplex collecting system, and anomalies of the blad-
refers not only to ureteral but also kidney malformations, der and urethra [5].
is well known within the urology community, whereas These abnormalities are often concurrently present,
it remains virtually unknown to the nephrology commu- for example, the hypoplastic kidney and dysplastic kid-
nity. The nephrology community, on the other hand, is ney are frequently accompanied by vesicoureteral reflux
familiar with the notion that the metanephric mesen- or ureteropelvic junction obstruction involving the ipsi-
chyme or mesoderm (the immediate precursor to the lateral or contralateral kidney [6]. Renal tissue anomaly
kidney) induces ureteral budding from the Wolffian duct, that is accompanied by urologic anomaly may be demon-
whereas the urology community recognizes only the re- strable only microscopically and not necessarily by a
routine ultrasonographic or radiographic analysis. Note
that absence of nephron population in embryos can beKey words: congenital anomalies, urinary tract, kidney, ectopic bud-
ding, hypoplastic kidney, megaureter, atretic ureter, morphogenesis. compensated by the hypertrophy of remaining nephrons
without altering the gross anatomical appearance of the
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variable penetrance, often producing different anatomi- tion between the degree of obstruction and the severity of
renal parenchymal abnormality in human specimens [13].cal patterns [7]. Therefore, it has been speculated that
these assorted structural anomalies share a common The development of the kidney and urinary tract de-
pends on reciprocal interactions between the uretericpathogenic mechanism and genetic causes.
Major investigative effort has been made over the last bud and the surrounding metanephric mesoderm. Thus,
their development begins with the budding of the ureterdecade to identify the specific gene(s) that are responsi-
ble for these anomalies. Thus, PAX2, a paired-box tran- from the Wolffian duct toward the metanephric meso-
derm, and subsequently, the ureteric bud undergoesscription factor, has been identified as the responsible
gene whose mutation is associated with a special sub- branching under the influence of metanephric mesen-
chyme, and finally differentiates into the ureter, the pel-group of CAKUT in the renal-coloboma syndrome [8].
In addition, it has been shown that haploinsufficiency vis and the collecting duct, while the metanephric meso-
derm is induced by factors derived from the ureteric budfor EYA1, a homolog of Drosophila melanogaster gene
eyes absent (eya), results in the dominantly inherited to differentiate into epithelial cells which finally give rise
to the proximal and distal tubules and the glomerulidisorders branchio-oto-renal (BOR) syndrome, which
involves kidney and urinary tract anomalies [9, 10]. [13, 14]. Therefore, interference in the interaction be-
tween the ureteric bud and the metanephric mesodermIn order to explain how such a wide anatomical spec-
trum of anomalies occur in the kidney and urinary tract in the initial step of kidney and urinary tract develop-
ment can bring about both renal parenchymal dysgenesissystem, several theories have emerged. These include
(1) physical stress on the kidney and the ureter as a and urinary tract malformation. Thus, it is plausible that
the renal parenchymal anomalies are a result of an ab-result of a partial urinary outflow obstruction, (2) physi-
cal stress as a result of dysfunction of the bladder or the normal ureteric bud-metanephric mesenchyme interac-
tion, where the obstruction sometimes, if not always,ureterovesical junction, (3) ectopia of the initial budding
of the ureter from the Wolffian duct, and (4) primary may be merely an epiphenomenon.
A unique theory was derived from a different perspec-defect in the interaction at the cellular level between the
metanephric mesoderm and the ureteric bud. tive via extensive inspection of numerous specimens
from human embryos and neonates. This theory stemsIt has long been thought that renal dysgenesis, often
seen in combination with other phenotypes of CAKUT, from observed morphological correlations among the
location of the ureteral orifice, the degree of renal hypo-is caused by urinary outflow obstruction. In support of
this notion, Peters et al created complete obstruction at dysplasia and/or dysplasia, and the abnormalities of the
ureter [1]. The hypothesis proposes that these abnormali-various anatomic levels along the urinary tract of fetal
sheep at 55 to 66 days of gestation (comparable to 14 to ties are derived from a single common mechanism and
are programmed at the time of initial budding of the16 weeks’ gestation in humans) and found a variety of
responses by the renal parenchyma [11]. They noted that ureter from the Wolffian duct (Fig. 1). Note that in the
developing embryo, the terminal segment of the Wolffianthe most remarkable consequence of fetal obstructive
uropathy was its effect on the renal parenchymal growth. duct is absorbed into the cloaca to form the hemitrigone
of the developing bladder. In this process, therefore, theSpecifically, kidneys with unilateral obstruction were al-
ways small and cystic/dysplastic when compared to con- initial budding site of the ureter (normally at site B on
the Wolffian duct; Fig. 1, top) will normally migratetrols. Likewise, other investigators reported that experi-
mental ureteral obstruction in fetal sheep produces renal and reach its final destination, that is, the corner of the
bladder trigone (site b; Fig. 1, center bottom), to formlesions similar to human multicystic dysplastic kidney
(abstract; Matsell DG, et al, Clin Invest Med 18:B100, the ureteral orifice in the bladder. Mackie and Stephens
postulated that, when ureteral budding occurs at an ec-1995).
Studies in normal human and rat fetuses identified topic site (for example, site C; Fig. 1, top), the final site
of the ureteral orifice will be ectopic (such as, site c; Fig.what appeared to be an obliteration of the ureter prior to
the first urine formation [12], although this phenomenon 1, right bottom) as well, thereby often resulting in urinary
outflow obstruction. When the initial budding occursmay merely represent a collapse of the ureteral lumen
before the passage of urine. Nevertheless, the possibility ectopically at site A (Fig. 1 top), the ureteral orifice also
will be ectopic at site a (Fig. 1, left bottom), resulting inwas raised that a failure in the resolution of this “oblitera-
tion,” which occurs normally, may underlie some ob- a defective ureterovesical valve, causing vesicoureteral
reflux. Beside these, ectopic budding has the potentialstructive ureters.
Some investigators speculate that urinary tract ob- to produce anomalous kidney parenchyma since the bud
from the ectopic site makes contact with poorly differen-struction and the resultant abnormal physical stress can
be intermediary to the development of renal hypo/dys- tiated portions of the metanephric mesoderm, which be-
come the precursor to the later hypodysplastic and/orplasia seen in humans. At the same time, some other
investigators have failed to establish a predicted correla- dysplastic kidney. Therefore, according to this theory,
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Fig. 1. Dynamics of the kidney and ureteral
development and the “bud theory.” The ori-
fice of the ureter in the bladder and that of
the vas deferens in normal mature animals are
located at the corner of the hemitrigone and
in the prostatic urethra, respectively. These
sites result from the migration and incorpora-
tion of the terminal segment of the Wolffian
duct into the urogenital sinus, ultimately form-
ing the hemitrigone of the developing bladder.
The migration places the normal ureteric bud
orifice “B” on the corner (site b), and the
ectopic bud orifice “A” on the lateral and
cranial end of the extended hemitrigone (site
a). The ureterovesical junction from the “A”
ureteral bud results in a vesicoureteral (VU)
reflux. The metanephric mesenchyme is well
differentiated when interacting with a bud at
the normal site “B” but sparse and poorly
differentiated around bud “A” (and “C”). The
interaction between bud and blastema is thus
critical for the ontogeny of both ureter and
metanephros, and abnormal interactions can
result in various forms of congenital anomalies
of the kidney and urinary tract (CAKUT; in-
cluding reflux, hypodysplasia, obstruction, etc.).
the anomalies of multiple tissues constituting CAKUT Agtr2, A GENE INVOLVED IN MANY OF THE
COMMON FORMS OF HUMAN CAKUT(that is, abnormal ureterovesical junction, dysmorphic
kidney, and as discussed later, anomalous ureter) can be Of the two receptors for angiotensin II, angiotensin
derived from a single abnormal embryonic event (that type 2 receptor is the one more recently recognized [15],
and its gene (Agtr2) is primarily an embryonic gene, thatis, ectopia in the initial ureteral budding).
is, in humans and animals, Agtr2 is actively transcribed
at the onset of, and throughout, the embryonic develop-
DOES ECTOPIC URETERAL BUDDING ment of the kidney and urinary tract system, and mostly
inactivated by the time of birth [16, 17]. When Agtr2REALLY OCCUR?
was target-inactivated by genetic engineering technologyAlthough the Mackie and Stephens’ hypothesis can
[18, 19], it was noted that mutant mice, at the rate of 2comprehensively explain the ontogeny of CAKUT, the
to 3%, have anomalies in the kidney and urinary tract
hypothesis has remained untested since, even if ectopic system that were absent in normal non-mutant animals.
budding occurs in embryos, it is impossible to verify it Mutants that had given birth to anomalous offspring
because the incidence of CAKUT per se is at best spo- were cross-mated, and by repeating this inbreeding, the
radic. In this regard, the recent discovery of genetic mouse penetrance rate reached 20%, indicating that this
models carrying a high incidence of CAKUT has, for the anomaly is regulated by other gene(s) as well. Abnormal
first time, made it possible to examine if ectopic budding phenotype mimics all the key features characterizing hu-
man congenital anomalies of the kidney and urinaryindeed precedes CAKUT.
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tract, CAKUT [20]. Thus, in Agtr2 mutants, a wide ana-
tomical spectrum of anomalies (such as, ureteropelvic
junction stenosis, hypoplastic kidney, vesicoureteral re-
flux, megaureter, double collecting system) are seen
within the same pedigree in a random manner, with each
specific anatomical pattern having its own counterpart
in humans [5]. Also, as in humans, CAKUT of Agtr2
mutants appear predominantly in males after birth, and
in a highly asymmetrical manner [21–23]. Furthermore,
mice and humans also share renal histological character-
istics, namely, a lack of interstitial fibrosis at birth, with
some hypoplastic, cystic, and/or dysplastic parenchyma.
Finally, some Agtr2 null mutants carry a duplex system,
which universally fulfills both the Weigert-Meyer [24]
and Mackie-Stephens rules [1] that are established for
human CAKUT. The Weigert-Meyer principle predicts
that, in the duplex kidney/ureter system, the upper kid-
ney mass drains into the orifice within the bladder at a
site lower than the orifice to which the lower kidney mass
drains [25] (Fig. 2). According to the Mackie-Stephens
relationship, if a duplex kidney/ureter system in humans
carries both histologically normal and dysplastic renal
masses, the normal tissue drains into the bladder at a
normal site, whereas the hypo-dysplastic tissue drains at
an aberrant site (Fig. 2) [1].
A study in human DNA samples indicated that the an-
giotensin type 2 gene also is involved in human CAKUT
[20]. Thus, it was found that a minor population carries
a functionally significant mutation within the so-called
lariat branch point of intron 1, which results in a signifi-
cant alteration in the quality and quantity of the mRNA
due to abnormal mRNA splicing. A pair of independent
DNA studies on American and German populations of
patients with CAKUT revealed a significant correlation
between the incidence of CAKUT and this specific muta-
tion [20].
ECTOPIC URETERAL BUDDING OCCURS,
AND IS OFTEN REPAIRED IN UTERO
In normal mice, Agtr2 mRNA begins to be expressed
intensely in the mesenchymal cells that surround the
Wolffian duct at the time of initial budding of the ureter
[embryonic day 11.0 (E11.0)] [20]. This finding gave the
Fig. 2. The Weigert-Meyer and Mackie-Stephens rules. According tofirst suggestion that Agtr2 may play a role in regulating
the Weigert-Meyer principle, in the duplex kidney/ureter system, thethe initial budding of the ureter from the Wolffian duct.
upper kidney mass drains into the orifice within the bladder at a site
Most recently, analysis of whole tissue sections showed (site c) lower than the orifice (site b) to which the lower kidney mass
drains. The Mackie-Stephens’ relationship dictates that, if a duplexthat ectopic budding indeed occurs in Agtr2 null mutant
kidney/ureter system carries both histologically normal and dysplasticembryos [25]. Approximately half of the mutant embryos
renal masses (shown in black and gray, respectively), the normal tissue
showed abnormal initial ureteric budding, either as two drains into the bladder at a normal site (site b), whereas the dysplastic
tissue drains at an aberrant site (site c).distinct buds or as one abnormally large, broadly based
bud. These abnormal ureteric buds arose from an ectopic
site on the Wolffian duct cranial to the normal budding
site. In normal wild-type embryos, beginning at E11.0,
Agtr2 is expressed at this cranial site (which is “ectopic”
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Fig. 3. Ectopic budding in a Bmp4 mutant
embryo. c-ret and Wnt 11 whole mount in situ
hybridization for wild-type and Bmp4 /
mutants at E11.0. The position of the initial
ureter budding from the Wolffian duct is indi-
cated by arrows, and the 24th, 25th and 26th
somite pairs are marked by arrowheads. The
position of the initial budding in the wild type
corresponds to the26th somite, whereas that
in the mutant corresponds to the 25th so-
mite. (WD) Wolffian duct; (UB) ureteric bud.
for the budding to occur) between the Wolffian duct and that some 50% of Bmp4 / mice have anomalies that
metanephric mesoderm beginning at E11.0, and is not closely mimic human CAKUT, including hypo/dysplastic
expressed at the normal budding site. It is conceivable kidneys, hydroureter, and double collecting system [30].
that the role of Agtr2 is to navigate the site of ureteral Of note, similar to human CAKUT, this mouse CAKUT
budding through its inhibitory effect. That is, by being involves the ectopic ureteral orifice, that is, the loca-
activated at sites that are aberrant for ureteral budding, tion of the orifice being abnormally caudal to the normal
Agtr2 may prevent occurrence of ectopic budding. A site. Analyses of the mutant embryos showed that this
defect in this regulatory process may result in ectopic ectopia of the ureteral orifice is a consequence of the
ureteric budding and subsequently lead to a duplex col- ectopic ureteric budding from the Wolffian duct. Thus, in
lecting system and other congenital anomalies of the Bmp4 / embryos, the ureteric bud emerges from the
kidney and urinary tract, as noted in Mackie-Stephens’ Wolffian duct at the site more cranial than in wild-type
hypothesis. Also, the observation that the incidence of embryos (Fig. 3). This connection between the initial
ectopic initial budding of the ureter in mutant embryos (abnormally cranial) ureteric bud in embryos and the
is substantially higher than the actual phenotypic expres- final (abnormally caudal) ureteral orifice in mature mu-
sion of urinary tract anomalies at birth suggests that most tant animals is predicted in Mackie and Stephens’ hy-
ectopic ureters subsequently regress, or are corrected, pothesis. In addition to the ectopic budding of the initial
due presumably to insufficient support of growth signals ureter, some Bmp4 / embryos show accessory bud-
from the metanephric mesenchyme, the center of which ding from the main trunk of the initial ureter, which can
is remote from the ectopic ureter. lead to the formation of the double collecting system,
an anomaly often found in the mutants at birth.
One essential regulator of ureteric budding is glialA SPECIAL NAVIGATING SYTEM IS INVOLVED
cell-derived neurotrophic factor, GDNF, which acts onIN THE PINPOINT ACCURACY OF NORMAL
the Wolffian duct and ureter epithelium through its re-URETER BUDDING
ceptor tyrosine kinase, c-ret [31, 32]. The GDNF ex-Bone morphogenetic protein 4 (BMP4), a member of
pressed in the metanephric mesenchyme regulates thethe transforming growth factor- (TGF-) superfamily
initial budding and subsequent branching of the ureterof secretory signaling molecules, has been implicated in
by stimulating bud initiation and by determining budmany aspects of embryonic development, ranging from
orientation [33, 34]. However, the precise mechanismestablishment of the basic embryonic body plan to mor-
for pinpointing the correct site of the ureteric buddingphogenesis of individual organs, by regulating cell prolif-
has heretofore been largely unknown. Although theeration, differentiation, apoptosis, and cell fate determi-
tightly regulated expression pattern of c-ret and GDNFnation [26]. The essential role of BMP4 in embryonic
could be a part of the mechanism to specify the sitedevelopment is confirmed by the lethality of E6.5-10.0
of budding [35], both c-ret and GDNF are expressed(E20, 20 embryonic days, is full term in mice) mouse
surprisingly broadly throughout the Wolffian duct/ure-embryos homozygous for null mutations in Bmp4 (Bmp4
teric epithelium and metanephric mesoderm, respec-/) [27, 28]. Moreover, even in heterozygous mutants
tively, at an early stage of kidney development (E10.0(Bmp4 /), several defects have been described [29].
Detailed examination of the excretory system revealed to E12.0) [30]. On the other hand, Bmp4 is expressed in
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Fig. 4. Navigation of the site of ureteral bud-
ding by Bmp4 through its inhibitory effect.
Little has been known until recently for the
mechanism of determining the specific site of
the ureteral budding from the Wolffian duct.
Although the tightly regulated expression pat-
tern of c-ret and its ligand GDNF may be part
of the mechanism to specify the site, both c-ret
and GDNF are expressed surprisingly broadly
throughout the branching ureter and meta-
nephric mesoderm, respectively, at the time
of budding. In this regard, Bmp4 antagonizes
the function of GDNF from the metanephric
blastema that would otherwise induce the
budding from the Wolffian duct. Moreover,
normally, Bmp4 is diffusely expressed in the
mesenchymal cells surrounding the Wolffian
duct except for the highly localized spot for
the initial ureteral budding. Therefore, it is
thought that Bmp4 serves as an inhibitory fac-
tor for GDNF-ret signaling along the stalk of
the branching ureters, thereby limiting the site
of ureteral bud formation. This inhibition of
ureteral branching results from the antagonis-
tic function of Bmp4 on GDNF signaling, as
Bmp4 down-regulates the Wnt 11, a target
molecule of GDNF-ret signaling.
the loose stromal mesenchymal cells located between the seminal vesicle or vas deference in males. Foxc1 homozy-
gous embryos have an accessory ectopic ureteric budWolffian duct and the cranially extending metanephric
mesoderm, and interestingly, Bmp4 expression is absent that emerges from the Wolffian duct more cranially to
the normal bud. Thus, in this mutant, abnormality inin the Wolffian duct and metanephric mesoderm per
se, in normal wild-type embryos undergoing the initial the number and the site of the initial ureteric bud also
precedes a duplex collecting system and ectopic ureteralureteric budding. Given this expression pattern of Bmp4
in normal wild types and the observed ectopic and acces- orifice, respectively, and both accompany anomalous
kidney tissues, as predicted by Mackie and Stephens. Insory budding in Bmp4 / heterozygous embryos, it
appears possible that BMP4 serves as an inhibitory factor Foxc1 homozygotes, for a reason yet to be determined,
the expression of GDNF in the intermediate mesodermfor the bud-inducing GDNF-ret signaling along the
Wolffian duct and the stalk of the ureter, thereby navigat- is expanded abnormally cranially, which appears to lead
to the ectopic ureteric budding from the Wolffian duct.ing the site of new bud formation (Fig. 4). Indeed, in
vitro studies on a metanephric explant culture system The ectopic accessory budding of the initial ureter then
grows into the abnormal set of a duplex kidney/uretershowed that BMP4 can inhibit the GDNF signaling
within the Wolffian duct and the ureter epithelium, with- system.
out directly modulating the expression pattern of GDNF
itself [30]. Therefore, a defect in this function of BMP4
AN ERROR IN EARLY ONTOGENIC EVENT
causes ectopic and accessory budding of the ureter.
RESULTS IN SEVERE ANOMALIES
While more than 30 genes are found to date, to be
DOUBLE BUDDING PRECEDES THE DOUBLE involved in the development of mammalian kidneys
COLLECTING SYSTEM (see http://www.ana.ed.ac.uk/anatomy/database/kidbase/
kidhome.html), mutation of only a few genes have thusThe Foxc1 gene (Foxc1) (formerly Mf1) encodes a
fork head/winged helix transcription factor, which plays far been demonstrated to concurrently cause kidney and
ureter anomalies. In addition to Agtr2, Bmp4 and Foxc1several essential roles in embryonic development, includ-
ing cell fate determination, proliferation and differentia- documented above, those include Pax2 and Eya1.
Pax2 is a transcriptional regulator of the paired-boxtion [36]. Mice homozygous for a null mutation of Foxc1
gene die perinatally with multiple abnormalities [37]. family and is widely expressed from the beginning and
throughout the development of the excretory system. ItMoreover, depending on the genetic background, most
Foxc1 homozygous mutants have duplex kidneys and is now well established that Pax2 is essential for the
organogenesis of the kidney and urinary tract. A muta-double ureters [38]. In those, the upper kidney and ureter
are always fluid-filled, and this abnormal ureter connects tion in one allele of PAX2 gene is identified in a family
carrying renal-coloboma syndrome, a rare autosomalaberrantly to the Wolffian duct derivatives such as the
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dominant syndrome characterized by optic nerve colo- for the kidney and urinary tract morphogenesis is not
limited to the site or the timing of initial ureteric budding,boma (malformation of the optic nerve), renal anomalies
and vesicoureteral reflux [8]. Also, Pax2 is naturally mu- but instead, continues throughout the kidney develop-
ment. It is possible, therefore, that some molecules thattated in mice strains, that is, Krd and Pax21neu mice
[39, 40], which have a variety of anomalies in the excre- regulate the initial budding of the ureter also regulate
the subsequent ontogenic processes of the kidney andtory system, including hypoplastic kidney and cystic kid-
ney with hydroureter. Moreover, in mutant mice carrying urinary tract. Accordingly, some anomalies in CAKUT
may be attributed to a derangement in these late onto-homozygous null mutation induced by homologous re-
combination (Pax2 /), kidneys, ureters and genital genic processes rather than the ectopia of the initial
budding per se. Recent preliminary findings in homozy-tracts are entirely lacking [41]. Of note, in these homozy-
gotes, while the Wolffian duct develops until E9.5, it gous Foxc1 null mutants (Foxc1/) are indeed in sup-
port of this interesting possibility (abstract; Kuwayamacannot reach the cloaca due to a failure in its caudal
elongation. As a result, ureteric bud is not formed and et al, Pediatr Res, 2001). As noted above, Foxc1 /
mice carry duplex kidney/ureter system, and an earlierkidney development does not take place.
Eya1, a homolog of Drosophila melanogaster gene study in these mice successfully demonstrated that an
ectopic ureteral orifice present at birth is derived fromeyes absent (eya), is also required for early kidney and
urinary tract development. EYA1 is mutated in patients ectopia in the initial ureteric budding [38]. A series of
histological tissue examinations by Kuwayama et al fur-with dominantly inherited disorder, bronchio-oto-renal
syndrome [10]. The syndrome includes kidney and uri- ther revealed that the portion of kidney that is connected
anatomically with megaureter is hypoplastic and oligo-nary tract anomalies, for example, duplex collecting sys-
tem, renal hypoplasia/dysplasia and renal agenesis [9]. nephronic, but not dysplastic. The latter is an abnormal
feature seen in Agtr2 and Bmp4 mutants described ear-In addition, homozygous Eya1 null mutant mice (Eya1
/) entirely lack kidneys and ureters, a phenotype lier. Moreover, no Foxc1 mouse carries ureteral atresia,
a feature found in Agtr2 null mutant mice. When Foxc1similar to Pax2/mutants [42]. Normally, Eya1 is first
expressed in the nephrogenic cord and the metanephric embryos were dissected at several different stages after
the ureteral budding, the malformation of the megaure-mesenchyme before the formation of the initial ureteric
bud. In the above homozygous mutant embryos, while ter, characteristic of newborn Foxc1 mice, was found to
start only late, that is, after urine starts to form. ThesePax2 expression is preserved in the Wolffian duct and
in nephrogenic cord, the metanephric mesoderm does preliminary findings are in favor of the possibility that
the dysplastic features of the kidney parenchyma andnot express a bud-inducing factor, GDNF. Consequently,
the ureteric bud is not induced, and the metanephric the atretic or megaureter in CAKUT may not be attrib-
uted to ectopic budding alone, although the latter ismesoderm becomes degenerated.
Overall, both molecules have a role in regulating the sufficient to bring about hypoplasia of the kidney and
ectopia of the ureteral orifice. In this context, the atreticformation of initial ureteric bud from the Wolffian duct.
Pax2 is required for the growth and elongation of the ureter and megaureter, and the dysplastic feature of the
renal tissue in Bmp4 mice and Agtr2 mice in part mayWolffian duct prior to ureteral budding. Eya1 appears
to control GDNF expression directly or to regulate the be attributed to the function of these genes, which remain
active beyond the stage of initial ureteric budding.growth and/or differentiation of GDNF-expressing meso-
derm cells, which are prerequisite for ureteral budding. Indeed, an intense Bmp4 expression continues beyond
the initial budding stage, and throughout the rest ofIt is not well understood, however, how haploinsufficiency
of Pax2 or Eya1 gene causes a wide spectrum of anoma- intrauterine life at various sites of the excretory system,
including loose stromal mesenchymal cells around thelies in the kidney and urinary tract system. It remains
uncertain whether initial budding of the ureter occurs main trunk and the stalk of the branching ureter, and
the epithelium of comma- and S-shaped bodies. Studiesat the correct site on the Wolffian duct in those heterozy-
gotes. in heterozygous Bmp4 knockout embryos in vivo and
cultured explants in vitro showed that BMP4 has multi-
ple biological functions in the morphogenesis of the ex-
MULTIPLE FUNCTIONS OF REGULATOR
cretory system (abstract; Miyazaki Y, et al: J Am Soc
GENES: A PARADIGM SHIFT FROM CLASSIC
Nephrol 11:379A–380A, 2000). First, in addition to the
ANATOMICAL THEORIES
inhibitory effect on the ureteric bud formation, BMP4
“A single gene does multiple things” promotes the growth and elongation of ureteric buds
once buds have formed. Second, BMP4 acts on the meta-Studies in mutant animals point to the notion that
ectopia in the initial budding is a very common (if not nephric mesenchyme to prevent apoptosis, promotes
growth of the stromal cell population, and inhibits con-universal) first step leading to the formation of CAKUT.
Of note, the expression of the many regulatory molecules densation of the mesenchymal cells around the ureter
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Fig. 5. Overview of the ontogenic mecha-
nism of CAKUT. Pluripotentiality of the sin-
gle gene mutation underlies the wide spectrum
of clinical anomalies involving the ureteroves-
ical junction, the ureter and the kidney. The
loss-of-function mutation of the single gene
can produce multiple anomalies (1) due in
part to its multiple biological actions on the
morphogenesis of the three tissues of the ex-
cretory system, that is, the ureterovesical junc-
tion, the ureter and the kidney, at multiple
developmental stages of these tissues. It is also
(2) due to the multipotentiality of the initial
ectopic budding to produce three clinical enti-
ties, that is, ectopic ureteral orifice, anomalous
ureter and hypo/dysplastic kidney as postu-
lated by Mackie and Stephens. Although uri-
nary tract obstruction may cause anomalous
ureter and dysplastic kidney, evidence is yet
to be obtained to support the possibility that
reflux can lead to those anomalies.
bud. Furthermore, BMP4 can serve as a chemoattractant ectopic ureterovesical junction, are absent from new-
borns. In those newborns, then, late-onset congenitalfor the periureteral mesenchymal cells, and in so doing,
induce locally the smooth muscle layer of the ureter. anomalies of the kidney and urinary tract, such as, atresia
of the ureter, can be present without an ectopia in theLikewise, Agtr2 appears to have diverse regulatory
roles since their expressions continue throughout kidney ureterovesical junction.
development. Indeed, it has been shown in vivo and in
vitro that an activation of the Agtr2 receptor promotes
CAKUT AS A MULTIGENIC DISEASEtimely apoptosis of the undifferentiated mesenchymal
“Multiple genes, in combination, do a single thing”cells that surround the smooth muscle layer of the ureter,
and a defect in this function of Agtr2 may lead to atresia Several gene mutations have been identified to date
of the ureter found in some Agtr2 null mutant mice by as a cause of human CAKUT; these include PAX2 [8],
not permitting normal enlargement of the ureter and/or KAL [43], EYA1 [10] and AGTR2 [20, 44]. In AGTR2
supplying vessel caliber [20]. In conjunction with the (all capitalized for humans) gene, a single nucleotide
notion that many embryonic genes govern organogenesis transition (A to G in intron 1) has been found, which
at various stages and tissues, the diversity of CAKUT causes an abnormality in the quantity and quality of the
can be attributed to the fact that many of the genes AGTR2 mRNA. Studies on genomic DNA from two
involved in the formation of CAKUT are multifunc- separate populations of patients with CAKUT versus
tional, participating in multiple aspects of the ontogeny two corresponding control general populations revealed
of the excretory system. Thus, a wide spectrum of anoma- that, while this transition is present in the patients at a
lies can result from a mutation in the gene that can significantly and substantially higher rate than the con-
regulate not only the site of the ureteral orifice (via trol group, some normal controls also have this transi-
determination of the site of the initial ureteric bud), but tion. An abnormally high incidence of the A to G transi-
also of the kidney and the ureter at later stages, each tion in AGTR2 gene was found also in patients with
through a distinct mechanism (Fig. 5). Of note, in this megaureter [44], but not those with vesicoureteral reflux
context, is the notion derived from a study in Agtr2 when the latter group was studied at a wide range of
null mutants that many ectopically budding ureters are age [45]. In the Japanese population, which is character-
ized by uniquely high incidence of hypoplastic kidney,subsequently compensated or corrected [25], so that the
direct sequels of ectopic ureteral budding, for example, a significant association between the incidence of hypo-
Ichikawa et al: Ontogeny of CAKUT 897
9. Chen A, Francis M, Ni L, et al: Phenotypic manifestations ofplastic kidney and AGTR2 genotype was found to be
branchiootorenal syndrome. Am J Med Genet 58:365–370, 1995
absent [46]. These suggest that, while the AGTR2 muta- 10. Abdelhak S, Kalatzis V, Heilig R, et al: A human homologue
of the Drosophila eyes absent gene underlies branchio-oto-renaltion is involved in the development of human CAKUT,
(BOR) syndrome and identifies a novel gene family. Nat Genetthis mutation alone does not result in the disease. In
15:157–164, 1997
Agtr2 null mutant mice as well, the penetrance rate of 11. Peters CA, Carr MC, Lais A, et al: The response of the fetal
kidney to obstruction. J Urol 148:503–509, 1992CAKUT was, at best, imperfect, and the rate increased
12. Alcaraz A, Vinaixa F, Tejedo-Mateu A, et al: Obstruction andthrough cross-mating phenotype-positive pairs. Thus,
recanalization of the ureter during embryonic development. J Urol
AGTR2 is one of the multiple genes involved in the 145:410–416, 1991
13. Saxen L: Organogenesis of the Kidney. Cambridge, Cambridgecommon forms of CAKUT, and some genetic modifier(s)
University Press, 1987is necessary for the development of the anomalies. In
14. Barasch J, Yang J, Ware CB, et al: Mesenchymal to epithelial
this regard, AGTR2 is distinctively different from PAX2 conversion in rat metanephros is induced by LIF. Cell 99:377–386,
1999[8], KAL [45] or EYA1 [10], of which mutation produces,
15. Kambayashi Y, Bardhan S, Takahashi K, et al: Molecular cloningat a high penetrance rate, a rare form of congenital
of a novel angiotensin II receptor isoform involved in phosphotyro-
anomalies of the kidney and urinary tract together with sine phosphatase inhibition. J Biol Chem 268:24543–24546, 1993
16. Kakuchi J, Ichiki T, Kiyama S, et al: Developmental expressionmalformation of other organs with a high penetrance
of renal angiotensin II receptor genes in the mouse. Kidney Intrate. In most cases of human CAKUT anomalies in other
47:140–147, 1995
organs are absent, and the mode of inheritance is not 17. Gasc JM, Shanmugam S, Sibony M, Corvol P: Tissue-specific
expression of type 1 angiotensin II receptor subtypes. An in situtypical Mendelian, but instead, somewhat sporadic (that
hybridization study. Hypertension 24:531–537, 1994is, incomplete penetrance).
18. Ichiki T, Labosky PA, Shiota C, et al: Hypertension and reduced
Overall, therefore, the development of the common exploratory behavior in mice lacking angiotensin II type 2 receptor.
Nature 377:748–750, 1995forms of human CAKUT is attributed to an accumula-
19. Hein L, Barsh GS, Pratt RE, et al: Behavioural and cardiovasculartion of minor mutations in multiple genes, each of which
effects of disrupting the angiotensin II type-2 receptor gene in
has multiple ontogenic functions on the excretory system. mice. Nature 377:744–747, 1995
20. Nishimura H, Yerkes E, Hohenfellner K, et al: Role of theThese multiplicities in the genetic mechanism underlie
angiotensin type 2 receptor gene in congenital anomalies of thethe multiple theories for the mechanism of CAKUT for-
kidney and urinary tract, CAKUT, of mice and men. Mol Cell
mation that were offered by early scholars based on their 3:1–10, 1999
21. Johnston JH, Evans JP, Glassberg KI, Shapiro SR: Pelvic hydro-extensive anatomical examinations.
nephrosis in children: A review of 219 personal cases. J Urol 117:97–
101, 1977
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